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In this work, the development of room-temperature solution-processed hybrid solar cells based on CdSe 
Quantum Dots (QDs) and carbon nanomaterials are reported; multi-walled nanotubes (MWCNT) and 
reduced graphene oxide (rGO) are incorporated into the photoactive layer of conjugated polymer poly 
[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,l-b;3,4-b / ]dithiophene)-alt-4,7-(2,l,3-benzothiadiazole)], 
(PCPDTBT) and CdSe QDs. Incorporation of nanocarbon materials helps to improve the long-term 
efficiency of the solar cells in respect of power conversion efficiency (PCE) and short-circuit current 
density (Jsc) compared to QDs only based devices. For the formation of the hybrid photoactive film 
hexadecylamine (HDA)/trioctylphosphine oxide (TOPO) capped CdSe QDs were attached to multi-walled 
carbon nanotubes (MWCNTs) and reduced graphene oxide (rGO) by engineering the interface by 
introducing thiol functional groups in order to attach CdSe QDs. Initial PCE values of about 2% under 
AM1.5G illumination have been achieved for these hybrid nanocarbon-CdSe QDs photovoltaic devices. 
Furthermore, the long term stability of the photovoltaic performance of the devices was investigated and 
found superior compared to CdSe QDs only based devices. About 84% of the original PCE remained after 
storage in a glove box for one year without any further encapsulation. It is assumed that the improvement 
is mainly due to the thiol-functionalization of the nanocarbon interface leading to a strong binding of 
CdSe QDs resulting in an improved preservation of the nanomorphology of the hybrid film over time. 

© 2016 Elsevier B.V. All rights reserved. 


1. Introduction 

Solution-processed solar cells based on organic-inorganic 
hybrid materials have been developed as an alternative route 
towards low-cost fabrication, high efficiency, light-weight and 
flexible large-area devices [1]. Hybrid solar cells are in principle 
comparable to that of organic solar cells, the only difference is that 
inorganic semiconductor QDs are used as electron acceptors 
instead of fullerene derivatives such as PCBM [2]. The QDs surface 
ligands [3] and the photovoltaic device architecture [4] are 
important factors in determining the optoelectronic properties 
of QDs solar cells. Recent improvement in QDs solar cell power 
conversion efficiencies up to 5.5% were based on Polymer/PbS x Sei_ 
x alloyed QDs which showed improved PCEs compared to both 
conventional PbS or PbSe QDs based devices [5]. However, solar 
cells based on solution-processed hybrid materials reported so far 
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generally suffer from a poor device long-term stability in air and 
over time [6]. Hence, simultaneously achieving the goals of high 
efficiency, solution-processability and long-term stability in hybrid 
photovoltaic devices remains a major challenge. Especially the 
aspect of device stability has been given relatively little consider¬ 
ation and attention by the scientific community so far [7]. 

The nanoscale morphology of the active layer is a crucial 
parameter for the device performance of hybrid solar cells [8-10]. 
The optimization of the nano-phase separation plays a decisive 
role in increasing the charge carrier mobilities in hybrid solar cells. 
Hence, the design of continuous charge carrier pathways to the 
respective electrodes combined with an improved environmental 
stability should greatly enhance the overall performance of hybrid 
solar cells. In this context, carbon nanomaterials such as CNTs and 
graphene, are ideal organic compounds to be combined with 
inorganic semiconductor QDs. CNTs possess excellent environ¬ 
mental stability and high charge mobilities, which could be 
utilized to overcome the low electron mobilities in hybrid solar 
cells [11,12]. There have been already some efforts to incorporate 
CNTs into solar cells, for example as a hole extraction layer [13,14], 
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and as charge transport layer or electrode [12,15]. So far, in general 
only relatively low PCEs have been reported for CNTs incorporated 
into the active layer of hybrid solar cells [16]. Nevertheless, by 
chemical binding of PbS QDs to CNTs, a P3HT:PbS/CNT bulk- 
heterojunction (BHJ) solar cell with a PCE of 3.03% has been 
reported [17]. The integration of QDs-graphene nanocomposites 
into such hybrid solar cells has been recently realized and shows a 
significant improvement with 4.2% in PCE compared to 2.7% of 
QDs-only based devices [18,19]. 

The preparation of nanocarbon-QDs hybrid materials is usually 
based on the simple addition of QDs to CNTs, utilizing solely Van 
der Waals interactions between QDs and the surface of the CNTs 
[20]. Nevertheless, this method tends to result in uncontrolled QDs 
loading. Using in-situ synthesis of semiconductor nanoparticles 
directly on the surface of CNTs might be considered as an 
alternatives route. However, this route was found to interfere with 
the QDs synthesis leading to non-uniform and polydisperse 
nanocrystals [21,22]. 

In this work, we apply a simple synthesis method towards thiol- 
functionalized nanocarbon materials recently reported for the 
thiolation of reduced graphene oxide (rGO) [18,23]. The successful 
incorporation of MWCNTs and rGO as an additive into the active 


layer of hybrid solar cells based on CdSe QDs are reported. 
Preservability about 84% of its original PCE after storage in a glove 
box for one year without any further encapsulation demonstrates a 
promising potential pathway towards high-performance solution- 
processed hybrid solar cells with enhanced long-term stability. 

2. Experimental 

2.1. CdSe QDs synthesis 

CdSe QDs were synthesized according to Yuan et al. [24]. First, 
2898 mg (12 mmol) of HDA (hexadecylamine, 95%, Merck 
Schuchardt), 3092 mg (8 mmol) of TOPO (trioctylphosphine oxide, 
99%, Sigma-Aldrich), and 444 mg (0.4 mmol) of Cd-stearate were 
heated up in a nitrogen atmosphere inside a 25 ml three neck flask 
to 300 °C. After reaching 300 °C, 400 ml (0.4 mmol) of a 1 M 
solution of selenium in TOP (trioctylphosphine, 97%, ABCR) was 
rapidly injected. The synthesis was continued under stirring 
1000 rpm and stopped after 30 min. QDs with a full width at half 
maximum (FWHM) value of 24.5 nm, a first excitonic absorption 
peak at 635 nm, a PL emission maximum at 645 nm, and an average 
size of 6,3 nm were obtained. 







Fig. 1 . A schematic illustration of carbon nanomaterials synthesis in this work: (a) NTCNT, (b) TCNT and (c) TrGO. Prior to thiol functionalization, MWCNTs are oxidized and 
cut by sonication in a mixture of H 2 S0 4 (95%) and HN0 3 (65%) with 1:3 volume ratio. 
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Fig. 2. Schematics and TEM images of the CdSe QDs (a), and the hybrid materials: NTCNT-CdSe QDs (b), TCNT-CdSe QDs (c), and TrGO-CdSe QDs (d). 



Wavelength (nm) Wavelength (nm) 


Fig. 3. UV-vis absorption spectra of pure nanocarbon dispersions at concentrations of 0.15 mg/ml (left) and nanocarbon-CdSe QDs hybrid material dispersions using the same 
nanocarbon concentration (right). 


2.2. Carbon nanomaterial synthesis 
2.2.1. MWCNTs 

In brief, pristine MWCNTs (Baytubes, Bayer Material Science) 
with lengths between 1 and 10 fjtm were oxidized and cut 
simultaneously by sonicated for 24 h at 70 °C in a mixture of 
concentrated HN0 3 and H 2 S0 4 with the volume ratio of 3:1 
[25-28]. After the washing procedure MWCNTs pieces with an 
average length of 360 nm were obtained. Up to this step, the 


shortened MWCNTs are categorized as non thiolated MWCNTs 
(abbreviated as NTCNT). Thiolation of shortened MWCNTs 
(abbreviated as TCNT) were achieved according to a procedure 
reported in literature [18,23,29]. They were refluxed with 
phosphorus pentasulfide (P 4 Si 0 ) in DMF (dimethylformamide, 
>99.8%, Carl Roth) and heated up to 120 °C in a vacuum for 24 h. 
The black thiolated products were collected by filtering with a 
Whatman NL 16 polyamide 0.2 [im membrane. Subsequently, a 
washing procedure of the nanocarbon material was conducted by 
soaking of the material in 150 ml DMF for 30 min. Afterwards DMF 
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Fig. 4. Photoluminescence quenching of different nanocarbon-CdSe QDs hybrid materials dissolved in chloroform using the same concentrations, (b) band level (eV) 
alignments and charge transfer processes in PCPDTBT/rGO-CdSe QD PCPDTBT and MWCNT-CdSe QD based solar cells. 


was removed by applying vacuum filtration. The same procedure 
was repeated three times to further purify the products. The 
products were then re-dispersed in DMF and homogenized in an 
ultrasonic bath until a stable dispersion was formed. Finally, two 
categories of MWCNTs based on non-thiolated MWCNTs (NTCNT) 
and thiolated MWCNTs (TCNT) were produced. 


2.2.2. TrGO 

Graphene oxide (GO) was synthesized from graphite by a 
modified Hummer methods [30]. Afterwards the treated GO flakes 
were intensively washed with water. Thiolated reduced GO flakes 
were obtained by thiol-functionalization applying the same 
procedure as described for the thiolation of MWCNTs. 
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Voltage(V) Voltage(V) 


Fig. 5. (a) Schematic representation of the hybrid solar cell device structure, (b) Current-density voltage curves of hybrid solar cells based on CdSe QDs, NTCNT-CdSe QDs, 
TCNT-CdSe QDs and TrGO-CdSe QDs directly after device preparation (left image) and after one year of storage under nitrogen atmosphere (right image). 


Table 1 

Comparison of solar cell performances of four different types of hybrid solar cells from freshly prepared devices and after their storage for one year under nitrogen 
atmosphere. 


Cells 

Freshly prepared 





After 1 year storage 





Voc [V] 

Jsc [mA/cm2] 

FF 

PCE [%] 

Rsh [D] 

Rs [D] 

Voc [V] 

Jsc [mA/cm2] 

FF 

PCE [%] 

Rsh [O] 

Rs [D] 

CdSe QDs 

0.64 

8.31 

0.54 

2.81 

524.4 

11.7 

0.63 

5.23 

0.32 

1.06 

189.3 

44.3 

NTCNT-CdSe QDs 

0.56 

6.2 

0.54 

1.85 

704.7 

13.5 

0.64 

6 

0.39 

1.48 

411.5 

32.6 

TCNT-CDSe QDs 

0.58 

5.78 

0.56 

1.88 

794.2 

12 

0.65 

5.64 

0.43 

1.57 

414.4 

21.3 

TrGO—CdSe QDs 

0.67 

7.4 

0.46 

2.02 

465 

12.3 

0.68 

5.48 

0.41 

1.51 

282.8 

23.3 


2.3. Nanocarbon-CdSe QDs hybrid material formation 

NTCNT was added to CdSe QDs. Typically, 1.6 mg CdSe QDs, were 
dissolved in 4.9 ml hexanoic acid and stirred for 22 min at 110 °C in 
order to reduce the amounts of organic ligands [31]. 9.8 ml 
Methanol was then added to the solution and stirred for another 
11 min. Separation of QDs was conducted by centrifuging the 
dispersion for 1 min at 14.5 krpm. Afterwards, chloroform and 


methanol with a ratio of 1:3 were added to precipitate the QDs 
again in order to remove residual hexanoic acid. After being 
recovered by centrifugation, the QDs were finally dispersed in 
chlorobenzene (CB) at a certain concentration. For 1 mg of CdSe 
QDs, 40 julI of <50|jLgmr 1 of the NTCNT dispersion in DMF was 
taken and centrifuged in a 2 ml centrifugation tube for 3 min. 
Afterwards, the DMF solution was carefully removed. Finally, the 
CdSe QDs/CB solution was added into the centrifugation tube to 
NTCNT inside, resulting in a 400:<lwt ratio of CdSe QDs: 
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% 

Fig. 6. Summary of changes of individual solar cell performance parameters 
including shunt resistance (R sh ) and series resistance (R s ) for CdSe QDs -based and 
nanocarbon-CdSe QDs hybrid based solar cells after one year storage under nitrogen 
atmosphere. 


nanocarbon. This has been found as the optimum ratio for 
integration into the photoactive layer which has already been 
published in previous reports [18,19]. Afterwards the dispersion 
was shaken for 45 s at RT at maximum speed using a vortex mixer. 
The same procedure is also performed to produce TCNT-CdSe QDs 
and TrGO-CdSe QDs hybrid material. 

2.4. Solar cell manufacturing 

TCNT-CdSe QDs/PCPDTBT and TrGO-CdSe QDs/PCPDTBT were 
fabricated and compared to CdSe QDs/PCPDTBT solar cells which 
served as reference. In order to identify the effect of thiol 
functionalization on the device performance specifically, the 
physical mixture of NTCNT and CdSe QDs were integrated into 
the photoactive layer of PCPDTBT-based hybrid solar cells which 
were fabricated for comparison. The photoactive layer was spin 
coated using a WS400-6NPP-Lite spin coater from Laurell 
Technologies at 1100 rpm for 30 s and followed by 1 min drying 
step at 3000 rpm, resulting in an active layer thickness of about 
80 nm. The spin coating was done on a structured <10Hsq ITO 
substrate from Prazisions Glas & Optik GmbH, that was treated for 
5 min with oxygen plasma before Baytron AI4083 PEDOT:PSS from 
HC Starck was spin coated at 3000 rpm for 30 s on top. After drying 
for 25 min at 145 °C, a ~70nm thick PEDOT:PSS hole transport 
layer was formed. After thermal evaporation of an 80 nm 
aluminum cathode layer to form electrical contacts the solar cells 
were annealed at 145 °C for 5 min. Afterwards, they were stored in 
a glove box under nitrogen atmosphere without any further 
encapsulation. 

2.5. Characterization 

TEM was performed on a Jeol JEM2100 F electron microscope 
(Jeol Ltd., Tokyo, Japan) operated at 200 kV. UV-vis absorption 
spectra were obtained using a TIDAS 100 J&M diode-array 
spectrometer (Spectralytics, Aalen, Germany). Current density 
versus voltage (J-V) characteristics were measured by a computer- 
controlled Keithley 2400 source meter measurement system under 
100 mW/cm 2 illumination with a xenon light source sun simulator 
(LOT-Oriel LSH102) using an AM 1.5 G filter. 


3. Results and discussion 

Nanocarbon materials were functionalized as described in the 
experimental section. The sequence of nanocarbon functionaliza¬ 
tion is depicted schematically in Fig. 1. 

The nanocarbon-CdSe QDs hybrid materials were fabricated by 
a gentle self-assembly decoration process [23]. A small amount of 
nanocarbon materials and CdSe QDs are coincidentally mixed in 
chlorobenzene. In order to investigate the extent of CdSe QDs 
decoration of the nanocarbon materials, transmission electron 
microscopy was employed. As shown in Fig. 2, it is revealed that 
shape and size of CdSe QDs are not affected by the decoration 
process. Interestingly, we find that CNTs which are functionalized 
with thiol groups show a significant higher loading with CdSe QDs. 

Owing to the good solubility of nanocarbon materials as well as 
the resulting QD-nanocarbon hybrid materials in chlorobenzene, 
UV-vis absorption measurements were performed. The 
absorbance spectra of NTCNT, TCNT, TrGO and CdSe QDs, as well 
as of the NTCNT-CdSe QDs, TCNT-CdSe QDs, and TrGO-CdSe QDs 
hybrid materials dispersion are shown in Fig. 3. It can be observed 
that all pure nanocarbon materials show a characteristic absorp¬ 
tion maximum at 271 nm which is consistent with results reported 
in literature [23,32-34]. It was furthermore observed that by 
incorporation of nanocarbon materials into CdSe QDs dispersion, a 
slight increase in absorbance occurred compared to CdSe QDs 
dispersions. The hybrid material spectrum reveals a typical peak 
deriving from CdSe QDs at 635 nm. 

As we demonstrated in a previous report [23], a strong 
photoluminescence (PL)-quenching phenomena in TrGO was 
obtained after attaching of CdSe QDs. Hence, PL-quenching 
experiments were performed for CdSe QDs-nanocarbon hybrid 
materials to in order to investigate if PL-quenching effects also 
occur. In this experiment, the photoluminescence of 0.38 mg CdSe 
QDs in 3 ml chloroform was compared to the photoluminescence of 
the respective hybrid materials which contained same amounts of 
CdSe QDs and 0.36 mg of the respective nanocarbon material. As 
depicted in Fig. 4(a), the photoluminescence of CdSe QDs in hybrid 
materials is significantly quenched. Interestingly, we find out that 
PL quenching in NTCNT-CdSe QDs and TCNT-CdSe QDs based 
hybrid materials is much more pronounced compared to 
graphene-based nanocomposites. PL quenching might derive from 
charge or energy transfer between CdSe QDs and the respective 
nanocarbon material as reported in literature [21,22,35-38]. 
Fig. 4(b) shows examples for energy level diagrams for hybrid 
solar cell containing rGO and MWCNTs. The HOMO and LUMO level 
values of PCPDTBT of -5.3 eV and -3.5 eV were adopted from 
literature [39]. The valence and conduction band edges of CdSe 
QDs are at about -5.59 eV and -3.62 eV respectively and were 
extracted from data of similarly-sized CdSe QDs [40]. The work- 
function (WF) value for rGO of -4.2 eV was extracted from 
previous works [41-43]. Oxidation of MWCNT leads to material 
with a work function of -5.1 eV [44-46]. 

Solar cells were prepared according to the description given in 
the experimental section. The photovoltaic device architecture of 
the utilized solar cells and band level of the active layer and the 
measured J-V curves are depicted in Fig. 5 (a) and (b). Further solar 
cell parameters of freshly prepared devices and devices measured 
after one year storage under nitrogen atmosphere are summarized 
in Table 1 . 

The results presented in Table 1. show the initial PCE values of 
differently composed hybrid solar cells, from freshly prepared and 
after they were stored for one year under nitrogen atmosphere. An 
initial PCE of about 1.9% was reached for NTCNT-CdSe QDs based 
and TCNT-CdSe QDs based solar cells respectively whereas a 
TrGO-CdSe QDs based solar cell showed an initial PCE value of 2%. 
However, CdSe QDs based reference solar cells resulted in initial 
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PCE values of 2.8%. This was mainly due to higher Voc and Jsc 
values which led to overall higher PCEs. Interestingly, after 1 year 
storage under nitrogen atmosphere, all of the QDs-nanocarbon 
hybrid solar cell devices showed a higher PCE compared to CdSe 
QDs based reference solar cells. The highest PCE after one year 
storage was found for TCNT-CdSe QDs based solar cells, followed by 
TrGO-CdSe QDs and NCNT-CdSe QDs based cells with 1.57%, 1.51% 
and 1.48% respectively. On the other hand, CdSe QDs based 
reference solar cells showed the most significant drop in PCE down 
to 1.06%. 

Comparison of the performance between freshly 
manufactured devices and devices stored for one year under 
nitrogen atmosphere can be considered as a simple way for 
determining one aspect of long-term stability of solar cells. Based 
on the results presented in Table 1, performance evaluation from 
four different device types were investigated after one year 
storage and summarized in Fig. 6. A decreasing Jsc after one year of 
storage has been observed for all solar cells. CdSe QDs based and 
TrGO-CdSe QDs based solar cells show a 37% and 30% drop from its 
initial Jsc respectively. Surprisingly, both NTCNT-CdSe QDs and 
NTCNT-CdSe QDs based solar cells based devices showed losses in 
Jsc of only 3.2% and 2.4% respectively. The current loss is 
accompanied with dropping shunt resistances ( R sh ) for all devices. 
CdSe QDs based devices shows the lowest R sh , followed by TrGO- 
CdSe QDs based devices, NTCNT-CdSe QDs based devices and 
TCNT-CdSe QDs based devices (see Table 1 ). A total of loss of 41% of 
the initial fill factor (FF) value has been observed for CdSe QDs 
based solar cells, whereas NTCNT-CdSe QDs, TCNT-CdSe QDs and, 
TrGO-CdSe QDs based cells showed a significant lower total loss of 
28%, 23% and 11% from their initial FF values respectively. The loss 
of FF is accompanied with an increase of the respective series 
resistances (ft s ). CdSe QDs based devices show the highest series 
resistance and followed by NTCNT-CdSe QD, TCNT-CdSe QD and 
TrGO-CdSe QD based devices. Finally a total of loss of 62% in PCE 
was recorded for CdSe QDs based solar cells. TrGO/CdSe QDs based 
solar cells showed only a 25% loss of their initial PCE. In 
comparison, NTCNT-CdSe QDs and TCNT-CdSe QDs solar cells 
exhibited a loss in PCE of only about 20% and 16% respectively. It 
can be clearly observed that nanocarbon/CdSe QDs based hybrid 
solar cell show superior ability to retard degradation over time. We 
conclude that incorporation of nanocarbon material and especially 
chemical attachment between nanocarbon and CdSe QDs 
improves the long-term stability of solar cell parameters such 
as FF and Jsc. Degradation of QDs and their performance might be 
one reason for performance losses. Moreover, a recent study 
reports that carbon material like graphene provides surface 
passivation for CdSe QDs and hence can lower down oxidation 
and aging processes of CdSe QDs [47]. We also assume that a better 
preservation of the initial nanomorphology for the nanocarbon/ 
CdSe QDs based solar cell might occur and de-attachement of QDs 
is slowed down significantly compared to the CdSe QDs based only 
solar cells. Further investigations are currently underway to 
understand the processes in detail which are responsible for 
slowing down the degradation processes and enable an improved 
long-term performance stability of nanocarbon-based QDs-poly- 
mer hybrid solar cells. 

4. Summary and conclusion 

A significant improvement in long-term stability of solar cell 
parameters was observed by utilizing thiolated nanocarbon/QDs 
hybrid materials as photoactive layer of hybrid polymer solar 
cells. The best long-term stability was obtained with thiolated 
CNT/CdSe QDs, where about 84% of the original PCE remained for 
hybrid solar cell devices after storage under nitrogen protection 


for one year without any further encapsulation. Moreover, almost 
no loss in current density during storage was observed. Our 
results clearly show that thiolated nanocarbon/QDs composites 
are suitable acceptor materials for photovoltaic applications and 
especially improve the long-term performance of hybrid solar 
cells. Further research is needed to fully exploit their potential 
and to engineer optimized nanocarbon/QDs based solar cells. 
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